The two-point spatial correlation of the rate of change of fluctuating heat release rate is central to the sound emission from open turbulent flames, and a few attempts have been made to address this correlation in recent studies.
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In this paper, the two-point correlation and its role in combustion noise are operating flow conditions. It has been recently noted [5, 6] that the two-point 17 spatial correlation of the rate of change of fluctuating heat release rate, 18 and hence the associated correlation volume v cor and its length scale, is 19 crucial to predicting combustion noise. In previous studies, different length 20 scales have been suggested to estimate v cor empirically, ranging from the 21 laminar flame thickness δ L [12] , turbulence integral length scale Λ [13] to the 22 turbulent flame-brush thickness [14, 15] or a combination of them. However, 23 the two-point correlation of heat release rate has not received sufficient 24 attention primarily owing to the lack of availability of reliable numerical 25 or experimental data for the fluctuating heat release rate required to directly 26 investigate the correlation length scale. 27 Recently, it has become feasible to obtain high-fidelity information on the 28 correlation of fluctuating heat release rate because of the advancement in 29 computing technologies and techniques, and laser metrology. Swaminathan 30 et al. [5, 6] have attempted to analyse and model this two-point correlation 31 using DNS [16] [17] [18] and laser diagnostics [19] data of turbulent premixed 32 flames. They found that the two-point correlations of heat release rate, 33 Ω, and the rate of change of fluctuating heat release rate, Ω 1 , can be 34 well represented by Gaussian-type functions commonly used in classical 35 turbulence, and that the length scale of the correlation volume, v cor , is 36 0.5δ L . This model was then shown to give a good agreement with recent 37 experimental measurements [20] of the far-field overall sound pressure level The construction of Ω 1 requires the rate of change of fluctuating heat 40 release rate, which was calculated in Refs. [5, 6] indirectly by using a balance equation for a progress variable and taking the instantaneous reaction rate 42 to be a function of the progress variable. In this way the time derivative 43 is obtained using the spatial derivative of the progress variable field at one 44 single time step from the DNS data [16] [17] [18] . These numerical data are, Moreover, the parameter K related to a time scale for the rate of change of 53 fluctuating heat release rate, required to predict the combustion noise level,
54
was estimated through combined analyses of the DNS and laser diagnostics 55 data. Furthermore, this estimate strongly depends on the approximation 56 used to obtain the time derivative of the fluctuating heat release rate.
57
Nevertheless, the work of Swaminathan et al. [5, 6] 
61
The prime objectives of this study are three folds, viz., (i) to assess 62 the isotropy of the two-point spatial correlation function, Ω 1 , assumed in 63 an earlier study [6] , using DNS data [21] of statistically multi-dimensional Reynolds-Averaged-Navier-Stokes (RANS) calculations in Ref. [6] are used 69 to recompute the far-field OASPL to address the third objective. and is about two orders of magnitude larger than other sources [24, 25] . This 83 leads to a linear wave equation of the reduced form:
where p is the pressure perturbation, γ is the ratio of specific heat capacities,
85
andQ is the fluctuating heat release rate per unit volume; ρ and a denote 86 the fluid density and sound speed in the combustion zone and differ from the 87 ambient values ρ 0 and a 0 . When the turbulent combustion occurs at ambient pressure and γ is assumed to be independent of temperature,
and thus the wave equation (1) 
Readers are referred to Refs. [4, 6] for a complete derivation of the above 
93
The solution of Eq. (3) can be written as
by using a free-space Green's function, where x denotes the observer point 95 in far field, y is the source position inside the acoustically compact flame 96 brush of volume v f , and r = |x| is the observer distance from an origin 97 within v f . The effects of convection and refraction of sound [26, 27] 
whereQ is the time derivative of the fluctuating heat release rate, ∆ is 108 the separation vector, and the overbar refers to an averaging process. The 109 volume over whichQ is correlated is denoted as the correlation volume 110 v cor that has originated from Bragg's theory [12] . The two-point correlation
111Q
(y, t)Q (y + ∆, t) and its volume v cor are the focus of this paper and will
112
be discussed in detail subsequently. 
Two-point correlation

114
Following the common practice in the analysis of turbulent premixed 115 flames [5, 6] , one can use a progress variable, c, which varies from zero in 116 reactants to unity in products and define it using the fuel mass fraction [28] .
117
The instantaneous heat release rateQ is then related to the instantaneous model combustion [28] . In doing so,Q can be replaced byẇ in the analysis.
122
Noting the simple relation between the heat release rate and the reaction 123 rate, the two-point correlation in Eq. (5) is expressed as
where Ω 1 is the correlation function for the rate of change of heat release rate Eq. (6) can be found in Ref. [6] .
131
For the purpose of computing OASPL, it is helpful to express the 132 two-point correlationQ(y, t)Q(y + ∆, t) in Eq. (6) the mean reaction rateẇ as
where the parameter K was decomposed into two terms as in Refs. [5, 6] : 
By substituting the above expression into Eq. (5), one obtains the far-field
141
OASPL as:
where the original double integral is split into two single integrals work [29] [30] [31] [32] [33] and numerical simulations [34] [35] [36] . Recently, DNS for features of these V-flames will be discussed in more detail in Section 4.1. 
Flame conditions
177
Three cases of weak, moderate and high intensity turbulence were used 178 by Dunstan et al. [21] and all of these cases will be analysed in this 179 paper. Their fluid dynamic conditions are summarised in Table 1 and to the Borghi-Peters classification [38] .
195
With respect to the spatial resolution, the computational domain has More details of the DNS V-flames can be found in Ref. [21] . The rate of change of fluctuating reaction rate,ẅ , required to construct 210 the two-point correlation, Ω 1 (∆), is calculated using theẇ fields saved during 211 the DNS. First, the mean reaction rate is obtained using
where N t is the number of sample fields collected over the second flow-through contours ofc for Cases I to III and this figure will be discussed further later.
227
The samples for analysis are collected at points located at least 10δ L which is in agreement with earlier observation [39] .
249
Figures 2 and 3 illustrate typical contours of the instantaneous reaction 250 rate,ẇ, and its time derivative,ẅ, respectively in the mid (x + , y + ) plane.
251
The values ofẇ andẅ are normalised by 
256
The influence of turbulence is also observed as the curvature of the contours 257 increases from Case I to Case III with increasing turbulence intensities,
258
generating gradually more sinuous contours.
259
The contours ofẅ in Fig. 3 retain the same overall wrinkling patterns as 301
and
The Hermite-Gaussian functions for Ω 1 (∆ + x ) and Ω 1 (∆ + y ) are inspired by a 302 correlation model of the reaction rate fluctuation,ẇ , in an earlier study [41] .
303
In that work, the convection effect in the streamwise direction led to a coupled 304 two-point space-time correlation function forẇ as Similar to the two-point correlation forẅ, one can write another 336 correlation function, Ω, for the reaction rate fluctuation as
This correlation has no explicit effect on the OASPL of combustion noise 
By using the Hermite-Gaussian function model for Ω 1 described by Eq. (12), 
and Table 3 by applying the constants of decay rate in Table 2 , and 362 they show more clearly the anisotropy of the correlation function Ω 1 (∆).
363
Therefore, the integral of Ω 1 over the correlation volume in Eq. (10) can 364 be evaluated as Table 3 , for Cases I, II and III respectively.
378
This length scale is about 0.6δ L which is slighly larger than 0.5δ L reported 379 in Refs. [5, 6] . Similarly, for the correlation function Ω shown in Fig. 7 Refs. [5, 6] that the integral length scale of Ω 1 is half the integral length scale
384
of Ω. 
Prediction of combustion noise level
386
With the second integral over v cor in Eq. (10) evaluated separately, the 387 far-field OASPL of combustion noise can be rewritten as
where the non-dimensional parameter K + has been normalised using the No. Fig. 8 , for Cases I, II and III respectively.
409
The increasing values of K + reflect the corresponding turbulence levels in 410 the three cases (see Table 1 ).
411
Recently, Rajaram [20] and Rajaram & Lieuwen [42] reported combustion Table 4 will be used for the OASPL prediction To predict the far-field OASPL for the thirteen flames in Table 4 , RANS 427 data of the mean reaction rate field,ẇ(y, t), is required for the volume 428 integral in Eq. (21). Swaminathan et al. [5, 6] performed RANS calculations 429 of the flames in Table 4 using a standardk-ε turbulence model. The mean 430 reaction rate,ẇ, was calculated using an algebraic closure [43] and a recent 431 scalar dissipation rate model [44] . The spatial distribution ofẇ(x, R) from 432 the RANS results [5, 6] and the values of K + obtained from the DNS of Table 4 are 439 used in Eq. (21) to predict the far-field OASPL for all 13 flames. Figure 9 shows the comparison between the predicted OASPL, the calculations by 441 Swaminathan et al. [5, 6] 
Concluding remarks
476
It has been suggested in very recent studies [5, 6] derivative of the instantaneous reaction rate is calculated using the DNS 489 data stored at discrete time steps to directly construct the correlations.
490
Furthermore, the turbulence controlled parameter K, which affects the noise 491 prediction, is directly obtained from the V-flame DNS data.
492
The two-point correlation function, Ω signal is needed to study the spectral characteristics of combustion noise 524 which will be addressed in future. 
OASPL (dB)
Exp. Refs. [5, 6] Case I Case II Case III Figure 9 : Comparison of OASPL between the experimental data [20] , previous calculations [5, 6] and current predictions from Cases I, II and III.
